Neural prostheses have become ever more acceptable treatments for many different types of neurological damage and disease. Here we investigate the use of two different morphologies of titania nanotube arrays as interfaces to advance the longevity and effectiveness of these prostheses. The nanotube arrays were characterized for their nanotopography, crystallinity, conductivity, wettability, surface mechanical properties and adsorption of key proteins: fibrinogen, albumin and laminin. The loosely packed nanotube arrays fabricated using a diethylene glycol based electrolyte, contained a higher presence of the anatase crystal phase and were subsequently more conductive. These arrays yielded surfaces with higher wettability and lower modulus than the densely packed nanotube arrays fabricated using water based electrolyte. Further the adhesion, proliferation and differentiation of the C17.2 neural stem cell line was investigated on the nanotube arrays. The proliferation ratio of the cells as well as the level of neuronal differentiation was seen to increase on the loosely packed arrays. The results indicate that loosely packed nanotube arrays similar to the ones produced here with a DEG based electrolyte, may provide a favorable template for growth and maintenance of C17.2 neural stem cell line.
Introduction
Neural prostheses have become ever more acceptable treatments for many different types of neurological damage and disease. There are three main types of neural prostheses. Auditory and visual prostheses can act on various neural populations in an attempt to emulate the natural signaling from the auditory or visual pathways [1] [2] [3] [4] . Sensory and motor control prostheses are fully implantable complex electrical arrays often referred to as brain machine interfaces (BMIs). They are used to translate neuronal activity across damaged neural networks in order to restore sensation and motor control in limbs [5] [6] [7] . Cognitive prostheses electrically stimulate deep lying brain structures to alleviate symptoms of neurodegenerative diseases [8] [9] [10] . For example, Parkinson' disease is one of the most common neurodegenerative diseases which results in the loss of movement control and coordination, it is predicted to affect between 8.7 and 9.3 million people world wide by 2030 [11, 12] . Deep brain stimulation (DBS) is a form of cognitive prostheses used in the treatment of Parkinson' disease. DBS works through electrical stimulation at 1-5V 120-180Hz, and pulse width's of 60-200μs in order to interfere with the overactive signaling triggered by dopamine depletion in the degenerative neural population [13, 14] . However the longevity and effectiveness of these prostheses are reduced as a result of the immune response. The response occurs in the form of a compact sheath of glial cells around the prostheses, which electrically segregates it from the target neurons by 50-200μm [15, 16] . This is referred to as glial encapsulation or reactive gliosis. It is the result of the initial trauma from prostheses implantation, as well as the recognition of the prostheses surface as a foreign body by the cells. Gliosis is recognized by the increased expression of proteins specific to astrocytes and astroglia, which are know to assist in the formation of the blood brain barrier, and play a role in the repair and scarring of neural tissue after trauma [17] [18] [19] . The encapsulation of the prostheses by these cells drastically limits electrical signaling as the neurons are forced further away from the surface of prostheses [20] . In attempt to reduce gliosis, different prosthesis geometries, size, and surface roughness's have been examined, with device size having the most significant affect by reducing the volume disturbed during implantation [16] . Nanotopographies such as nanotubes have already been shown to improve cell adhesion and growth of cells [21] . Studies have shown that nanoporous silicon promotes neuronal adhesion while limiting gliosis [22] . Submicron machining on the order of 10-70nm has been shown to direct neurite outgrowth [23, 24] . Despite these advancements, there is still a need to develop robust interfaces that increase prostheses effectiveness and longevity.
Titanium has proven biocompatibility and has been used for a variety of biomedical applications. Although it is not often used in neurological applications, its ability to be produced as thin films on other materials makes it a good candidate for neurological applications. Even in its thin film form, titanium surfaces can be modified to produce a variety of nanoarchitectures. Using different techniques such as hydrothermal and electrochemical anodization, different nanotopographies of titania such as particles, rods, tubes, dendrites, and flower like structures have been produced [25] [26] [27] . Many of these surfaces have robust and favorable mechanical and electrical properties and have been used for different biomedical and energy applications. For example, titania nanotubes arrays have been used to improve the efficiency of dye-sensitized solar cells by permitting charge transfer along their length, reducing energy loss [28] . Anodization parameters such as electrolyte solution, voltage, and time can be varied to alter the nanotube array diameter, length and density [28, 29] . Other parameters such as annealing temperature can be adjusted to alter their mechanical and electrical properties [30] . Furthermore, these nanotube arrays have been shown to provide a favorable template for the growth of stem cells such as the differentiation of multipotent stem cells into osteoblasts [31] . They have even been shown to reduce immune response by lowering platelet adhesion and activation [32] .
In this work, we have investigated the potential of titania nanotube arrays as interfaces for neural prostheses. Two different nanotube morphologies were investigated: highly oriented, densely packed nanotube arrays with individual nanotubes adjacent to each other; and loosely packed nanotube arrays with individual nanotubes forming clusters or anemone-like structures. The nanotube array morphology, crystallinity, conductivity, wettability, and mechanical properties were investigated with the use of scanning electron microscopy (SEM), glancing angle x-ray diffraction (GAXRD), four-point probe (4PP), contact angle goniometry, and nanoindentation respectively. The adsorption of key proteins: fibrinogen, albumin and laminin were investigated using biochemical assays. The C17.2 neural stem cell line was used to investigate cellular functionality on these nanotube arrays. This neural stem cell line has been shown to retain its ability to differentiate into neurons and astrocytes as well as express relevant levels of nerve growth and neurotrophic factors under culture conditions [33, 34] . Cell adhesion, proliferation, and differentiation were investigated up to 7 days of culture using fluorescence and immunofluorescence microscopy. The results presented here suggest that the nanotopography and material properties influence cellular functionality with loosely packed nanotube arrays fabricated using a DEG based electrolyte may provide a favorable interface for neural prostheses, warranting further investigation.
Materials and methods

Fabrication of titania nanotube arrays
Commercially pure titanium foil (0.25mm, 95%, Titanium Joe Inc.) was cut into rectangular substrates of 2cm × 2.5cm. These substrates were cleaned in acetone, soap, and isopropyl alcohol. Titania nanotube arrays were fabricated on these substrates using an electrochemical anodization process previously described [28, 35, 36 ]. An electrochemical cell was developed with the titanium substrates acting as the anode, and platinum foil acting as the cathode (Figure 1 ). Two different electrolytes were used for anodization:
• A water-based electrolyte composed of 1% v/v hydrofluoric acid solution (HF, 48% v/v stock solution) in deionized (DI) water. Anodization was carried out at 20V for 3.5hrs to form titania nanotube arrays (NT-H 2 O).
• A diethylene glycol (DEG)-based electrolyte composed of 95% v/v DEG (99.7% v/v stock solution) with 2% v/v HF (48% v/v stock solution) in DI water. Anodization was carried out at 60V for 23hrs to form titania nanotube arrays (NT-DEG).
All experiments were carried out at room temperature (RT). Following anodization, the nanotube arrays were rinsed 3 times with DI water and dried with nitrogen gas. The nanotube arrays were then annealed in ambient oxygen at 530°C at a ramp rate of 15°C/min for 3hrs (NT-H 2 O) or 5hrs (NT-DEG) to stabilize them.
Characterization of titania nanotube arrays
The surface morphology was characterized using SEM (JEOL JSM 6500F) to ensure surface uniformity, and to determine the nanotube diameter and length. The nanotube lengths were measured after delamination by bending the substrate to access the cross-sectional profile. A 10nm layer of gold was deposited on the substrates prior to imaging at 15kV.
The presence of anatase and rutile crystal phases was detected through GAXRD (Bruker D8). XRD scans were collected at θ=1.5° and 2θ ranges were chosen based on significant peak intensities. Detector scans were run at a step size of 0.01 with a time per step of 1sec. Peaks were filtered and correlated to crystal structures using DIFFRACT.EVA software and values from the International Center for Diffraction Data.
In order to evaluate the conductivity of the titania nanotube arrays, they were further modified such that half of the substrate had the titania nanotube array morphology with the other half being etched to expose the underlying titanium substrate. The surfaces were then coated with 40nm of gold to form ohmic contacts. A 4PP was placed on to the ohmic contacts with a voltage and a current probe on each half of the substrate ( Figure 2 ). The distance between the probes was approximately 7mm. A voltage was applied and current was measured to produce a current-voltage plot that was further processed using Ohm' s law to calculate the conductance from the slope.
Surface wettability or contact angles were measured using the static sessile water-drop method on a contact angle goniometer (Rame-hart 250). A predetermined volume of water was dropped onto the surfaces and images of the water droplet were immediately captured. The images were analyzed to determine the contact angles. The contact angles were correlated to surface energy using the following equation [37] :
where E s is the surface energy, E lv = 72.8 mJ/m 2 (energy of liquid/vapor interface) at 20°C for DI water, and θ represents the static contact angle.
Nanoindentation was performed using a Nanoindenter (XP, MTS) with a spherical tip of 100-micron radius (for measuring the elastic modulus), and a Berkovich tip (for measuring hardness). Indentations were made under two conditions: 1 load-unload cycle reaching a maximum applied load of 1mN, and a set of 6 loading cycles doubling from 1.25mN to 50mN. The elastic modulus was calculated based off the spherical tip indentation using the Oliver and Pharr method [38] :
where E eff is the effective elastic modulus, E is the elastic modulus of the material, E i is the elastic modulus of indenter material and ν is the Poisson's ratio. The hardness was calculated based off the Berkovich tip indentations using the Oliver and Pharr method [38] :
Where, H is the hardness, P max is the maximum load and A is the cross-sectional area.
Protein adsorption on titania nanotube arrays
To understand how proteins adsorb on titania nanotube arrays; fibrinogen (Sigma), albumin (Sigma), and laminin (BD Biosciences) adsorption was investigated. All substrates were cut into squares of 1cm × 1cm. They were then sterilized by incubation in 70% ethanol for 30mins followed by 3 rinses in phosphate buffer solution (PBS, 10×) and 30mins of UV exposure. Following sterilization the substrates were incubated in 100μg/mL of protein solutions in 24 well plates on a horizontal shaker plate at 100 rpm at RT for 2hrs. The protein solution was aspirated and the substrates were rinsed 2 times with PBS. They were then incubated in 1% v/v sodium dodecyl sulfate (SDS, Sigma) solution in PBS on a shaker plate at 100 rpm for 4hrs to desorb the proteins. The protein concentrations in this solution were measured using a commercially available micro-BCA assay (Pierce Biotechnology) and a plate reader (BMG Labtech).
C17.2 cell culture
Murine neural stem cell-like subclone C17.2 generously provided by Dr. Evan Y. Snyder's group at the Sanford Burnham Medical Research Institute were used in this study. C17.2 cells were cultured at 37°C in a 5% CO 2 atmosphere in 100mm × 20mm polystyrene vented tissue-culture petri dishes. A growth media consisting of DMEM containing high glucose (4500mg/L), L-glutamine and sodium pyruvate, and supplemented with 10% fetal bovine serum, 5% horse serum, 1% L-glutamine and 1% Penicillin/Streptomycin/Fungazone was used. Cells of passage 3 were used for subsequent studies. Prior to seeding the cells, the substrates were incubated in 70% ethanol for 30mins followed by 2 rinses in PBS and 30mins of UV exposure. The cells were seeded onto substrates at a concentration of 1500 cells/well in 24 well plates and were cultured at 37°C in a 5% CO 2 .
C17.2 adhesion and proliferation on titania nanotube arrays
The C17.2 cell response was investigated after 1, 4 and 7 days of culture in growth media. Cell adhesion and proliferation were evaluated by staining the cells with 5-chloromethylfluorescein diacetate (CMFDA, Life Technologies), rhodamine phalloidin, and 4′, 6-diamidino-2-phenylindole (DAPI, Invitrogen) to visualize cytoplasm, cytoskeleton, and nucleus respectively using a fluorescence microscope (Zeiss). Prior to staining unadhered cells were aspirated and the substrates were gently rinsed 2 times with PBS before being transferred to a new 24-well plate. The substrates were then incubated at 37°C in 5% CO 2 in a 10μM solution of CMFDA in PBS for 45mins. Following this incubation, the solution was aspirated and the substrates were incubated in growth media at 37°C in 5% CO 2 for 30mins. The media was then aspirated and the substrates were rinsed once in PBS before being transferred to a new 24-well plate where the cells were fixed in a 3.7% w/v formaldehyde solution in DI water for 15mins at RT. The fixative was then aspirated and the substrates were rinsed 3 times in PBS for 5mins per rinse before being transferred to a new 24-well plate. The cells were permeablized in a 1% v/v Triton-X solution in water for 3mins at RT. The permeative was aspirated and the substrates were rinsed and transferred to a new 24 well plate where they were incubated at 37°C in 5% CO 2 in a 5μL/mL rhodamine-phalloidin solution in DI water for 25mins at RT before DAPI was added to the solution at a concentration of 1μL/mL and were incubated for additional 5mins. The solution was then aspirated and the substrates were rinsed 2 times in PBS before being stored in PBS in a light resistant container at 20°C until imaging. Analysis of the fluorescence images was performed with ImageJ software.
Differentiation marker protein expression and cell morphology on titania nanotube arrays
C17.2 cell differentiation was investigated after 7 days of culture in differentiation media. The cells were initially seeded in growth media, which was then replaced with differentiation media after 1 day of culture. The differentiation media was formulated to encourage differentiation towards astrocytic and neuronal lineages [39] . The media consisted of a 1:1 ratio of DMEM containing high glucose (4500mg/L), L-glutamine, sodium pyruvate, and Ham's F-12 Nutrient Mixture; and supplemented with 1% Lglutamine, 1% Penicillin/Streptomycin/Fungazone, N-2 supplement, glial derived neurotropic factor (GDNF, 10ng/mL) and nerve growth factor (NGF, 10ng/mL).
After 4 and 7 days of culture, indirect immunofluorescence staining was performed to measure the level of cellular differentiation through marker protein expression. The C17.2 cells were immunostained for the presence of neuronal marker: light neuroflilament (NF-L), astrocyte marker: aldehyde dehydrogenase 1 family member L1 (ALDH1L1), and neural precursor: Nestin.
Prior to staining, unadhered cells were aspirated and the substrates were gently rinsed 2 times with PBS before being transferred to a new 24-well plate where they were fixed using a 3.7% w/v formaldehyde solution in DI water for 15mins at RT. The fixative was then aspirated and the substrates were rinsed 3 times in PBS for 5mins per rinse before being transferred to a new 24-well plate. The cells were permeablized in a 1% v/v Triton-X solution in water for 3mins at RT. The permeative was aspirated and the substrates were rinsed and transferred to a new 24 well plate where they were incubated in 10% blocking serum in PBS for 30mins at RT to block any non-specific binding. The substrates were then rinsed and transferred to a new 24-well plate and incubated at 20°C overnight in a primary antibody solution of either NF-L or ALDH1L1 (rabbit polyclonal, 1:1000, Neuromics) with Nestin (mouse monoclonal, 1:250, Neuromics) with 2% blocking serum in PBS. The substrates were rinsed 3 times with PBS for 5mins per wash. They were then incubated for 1hr at RT with appropriate fluorescently labeled secondary-antibody solution (bovine antrabbit IgG-TR for NF-L or ALDH1L1, goat anti-mouse IgG-FITC for Nestin, 1:100, Santa Cruz Biotechnology) with 2% blocking serum in PBS. The substrates were then rinsed 3 times with PBS for 5mins per wash and imaged with a fluorescence microscope (Zeiss) and analyzed using ImageJ software.
Cellular morphology and cell interaction with the surfaces was investigated through SEM imaging. Before imaging, unadhered cells were aspirated and the surfaces underwent 2 delicate rinses with PBS. The substrates were then fixed and dehydrated in glass petri dishes. The cells were fixed for 45mins by incubating the substrates in a primary fixative solution (3% v/v glutraldehyde (Sigma), 0.1M sodium cacodylate (Polysciences), and 0.1M sucrose (Sigma)). Prior to dehydration the substrates were incubated in a buffer (primary fixative without glutraldehyde) for 10mins. The surfaces were then dehydrated in consecutive solutions of increasing ethanol concentrations (35%, 50%, 70%, 95%, 100%) for 10mins each. A final dehydration was performed by incubating the substrates in hexamethyldisilazane for 10mins (HMDS, Sigma). The surfaces were stored in a desiccator until imaging. They were coated with a 10nm layer of gold and imaged using SEM at 7kV.
Statistics
All the material characterization experiments were conducted on at least 3 substrates and at least 3 different locations per substrate (n min = 9). All the biological experiments were conducted on at least 3 different substrates with at least 3 different cell populations (n min = 9). All quantitative results were analyzed using ANOVA and statistical significance was considered at p < 0.05.
Results and discussion
The longevity and effectiveness of current neural prostheses are limited in part by the immune response resulting in a layer of glial cells that encapsulate the implants and isolate them from the targeted tissue. The development of an interface for these implants that is capable of preventing gliosis and promoting direct neuronal adhesion could increase the implants lifespan and effectiveness. Different nanotopographical surface modifications have been shown to limit gliosis, promote neuronal adhesion, and even direct neurite outgrowth [22] [23] [24] . Nanotopographies such as titania nanotube arrays have demonstrated great potential as interfaces for implantable devices due to their capability of limiting immune response and directing cellular differentiation [31, 32] . In this work, we have investigated the efficacy of different types of titania nanotube arrays as interfaces for neural prostheses.
Characterization of titania nanotube arrays
SEM was used to characterize the surface morphology of titania nanotube arrays. The results indicate uniform and repeatable nanoarchitectures. NT-H 2 O arrays were highly ordered, vertically oriented, with adjacent nanotubes, in contrast to the NT-DEG arrays which were composed of distinct, vertically oriented nanotubes that would cluster together forming anemone-like structures (Figure 3(a) ). The NT-DEG arrays were significantly longer at approximately 3.72μm compared to the NT-H 2 O arrays at approximately 1.25μm. The NT-DEG arrays had larger diameters at approximately 125nm compared to the NT-H 2 O arrays at 96nm, but no significant difference was found. Wall thickness for both arrays was approximately 18 ± 5nm (Figure 3(b) ).
The crystallinity of the nanotube arrays was investigated using GAXRD with the peaks correlated to titanium (JCPDS# 44-1294, ■), anatase (JCPDS# 21-1272, ○), and rutile (JCPDS# 44-1294, ❖) from the International Center for Diffraction Data. The differences in electrolyte, annealing temperature, and nanotube architecture may lead to a difference in crystalline phases. The crystal structure is important as grain restructuring into the stable rutile phase can destroy nanoarchitectures, while the metastable anatase phase can reduce the electron free path length, yielding a more conductive material [30] . The results indicate an increase in anatase and rutile phases on both nanotube arrays as compared to the titanium substrate. However, the NT-DEG arrays have a higher presence of anatase phase than the NT-H 2 O arrays (Figure 4) . The higher presence of anatase phase suggests that the NT-DEG arrays may be more favorable than NT-H 2 O arrays since the anatase phase is more conductive than the rutile phase.
The conductance of a material for a neural prosthesis interface is critical as their method of action is to electrically stimulate or record neuronal populations [6, 40] . Hence conductance was measured using a standard 4PP method. The results indicate that both nanotube arrays have comparable conductance to that of silicon semiconductors. Both nanotube array conductances are not significantly different than that of the titanium surface (which has an inherent natural oxide layer present). However, the conductance of the NT-DEG arrays at approximately 480Ω −1 was significantly higher than that of NT-H 2 O at 78Ω −1 , correlating the higher presence of anatase phase in NT-DEG than in NT-H 2 O (as indicated by GAXRD results) ( Figure 5 ).
The surface energy and wettability of material surfaces can affect how cells adhere, grow, and differentiate. Hydrophilic surfaces have been shown to promote cellular adhesion and prevent the accumulation of cellular multilayers, while high surfaces energies have been shown to promote cellular differentiation [41, 42] . Contact angle goniometry was performed to investigate the surface wettability, with the surface energy calculated from the measured contact angles [37] . The results indicate that titania nanotube arrays had significantly lower contact angles compared to the titanium substrate. The NT-DEG arrays had lower contact angles than that of NT-H 2 O arrays ( Figure 6 ). This may be due to the fact that the NT-DEG arrays provide a larger surface area for interaction with water [43] . The lower contact angles of the nanotube arrays resulted in higher surface energies as compared to the titanium substrates. The NT-DEG arrays had the highest surface energy of approximately 71.5mJ/m 2 compared to 68.0mJ/m 2 of the NT-H 2 O arrays and 44.8mJ/m 2 of titanium ( Figure 6 ). Thus, the more hydrophilic NT-DEG arrays may provide a beneficial interface to promote cell adhesion and subsequent cellular functions.
Localized forces experienced by the cell from the surface affect cellular functionality through mechanotransduction and protein expression, changing cell signaling, and subsequent behavior [22, 44, 45] . Surface topography can greatly affect these localized forces by altering properties such as hardness. Hardness is very important in neurological applications as neural tissue is known to prefer softer materials [46] . The modulus of elasticity and the surface hardness were measured using nanoindentation and the Oliver and Pharr method [47] . The elastic modulus of titanium substrates (approximately 10.3GPa) was significantly higher than that of either of the nanotube arrays (approximately 4.5GPa for the NT-H 2 O arrays and 4.2GPa for the NT-DEG arrays) (Figure 7(a) ). Further, the results indicate that the titanium substrates at 3.0GPa were significantly harder than either of the nanotube arrays with the NT-H 2 O arrays at approximately 1.0GPa, and NT-DEG having a much lower hardness near 500MPa (Figure 7(b) ). This is expected since the nanotube arrays provide less restriction to deformation allowing more space for the structure to "give way" as the force is applied on nanotube arrays. The NT-DEG arrays, having higher spacing between individual nanotubes and longer length are less resistant to deflection, yielding a softer material.
Protein adsorption on titania nanotube arrays
The surface of a neural prosthesis may readily adsorb proteins that may impact the performance of the implant and its interaction with the surrounding tissue [48] [49] [50] . The common blood proteins: albumin and fibrinogen, which may be encountered during prosthesis implantation, have been known to influence the functionality of neural prostheses. Albumin has been implicated in Alzheimer's disease while fìbrinogen has been shown to increase immunoreactivity [51, 52] . Laminin is a common adhesion protein in neurological tissue and is necessary for neuronal growth [53] . The results indicated statistically similar amounts of albumin and fibrinogen adsorption on all the substrates. However, there was significantly higher laminin adsorption on NT-DEG arrays than on NT-H 2 O arrays and titanium substrates (Figure 8 ). The increased laminin adsorption on NT-DEG arrays indicates their potential to increase the adhesion of neurons.
C17.2 adhesion and proliferation on titania nanotube arrays
The C17.2 subclone, generously provided by Dr. Evan Y. Snyder's group at the Sanford Burnham Medical Research Institute, was used as a model cell line for this study. These cells were isolated from the neonatal mouse cerebellum and underwent v-myc transfection [34] . This cell line has similar developmental potential to that of endogenous neural progenitor stem cells, and with the aid of differentiation cues and supplements can differentiate into all neural cell types without the need for co-culture.
Cell adhesion and proliferation were investigated after 1, 4 and 7 days of culture in growth media using fluorescence microscopy ( Figure 9(a) ). The results indicate that after 1 day of culture there were similar numbers of cells adhered on all the surfaces. However, the cells have distinct morphologies with large flat cells on titanium substrates and NT-H 2 O arrays, whereas spindle and pyramidal shaped cells on NT-DEG arrays. After 4 days of culture, there was minimal proliferation on titanium substrates and NT-H 2 O arrays, with significantly higher proliferation on NT-DEG arrays. Further, the cells on the NT-H 2 O arrays appeared to have microglia-like morphologies. After 7 days of culture there was notable proliferation on NT-H 2 O and NT-DEG arrays with cells reaching confluency. Minimal proliferation was seen on titanium substrates. Cell adhesion was quantified by counting the number of DAPI stained nuclei on each fluorescent image (Figure 9(b) ). The results indicate higher cell adhesion on both NT-H 2 O and NT-DEG arrays as compared to the titanium substrates. In order to quantify the cell proliferation, proliferation ratio was calculated by dividing the number of adhered cells after 4 and 7 days by the number of adhered cells after 1 day of culture. The results indicate higher proliferation ratio on NT-DEG arrays than NT-H 2 O arrays or titanium substrates (Figure 9(c) ). These results are expected since the NT-DEG arrays where more hydrophilic than NT-H 2 O arrays and titanium substrates.
Differentiation marker protein expression and cell morphology on titania nanotube arrays
Cell differentiation was investigated after 7 days of culture in differentiation media in order to evaluate the potential of the interfaces to promote and maintain the different neural lineages. The supplements and factors used in the differentiation media provide cues to direct cellular differentiation towards astrocytes and neurons. The N-2 supplement that was added to the media is a commercially available formulation that supports the growth of postmitotic neurons in the peripheral and central nervous system. GDNF is known to promote the growth, differentiation, and survival of dopaminergic neurons [54] . NGF 7S is known to promote the survival and neurite outgrowth of neurons, as well as proliferation of astrocytes in vitro [55] . After 7 days of culture, immunofluorescence staining was performed in pairs, with either ALDH1L1 or NF-L with nestin. Nestin is a frequently used marker to indicate the presence of neural progenitor cells that may not have undergone differentiation, and ensures they have not become fibroblastic. ALDH1L1 is a highly specific, highly expressed marker for astrocytes as it has many roles in biochemical reactions, especially in cellular growth and division [56] . NF-L is the smallest of the neurofilaments, making up the backbone to which other neurofilaments copolymerize, and is directly correlated to axonal diameter and electrical signal transduction [57, 58] .
The results of staining with ALDH1L1/nestin show higher expression of ALDH1L1 on titanium substrates and NT-DEG arrays with minimal expression on NT-H 2 O arrays ( Figure  10 In order to quantify protein expression, the immunofluorescence images were analyzed using ImageJ software. The surface area covered by TR and was normalized by the number of cells present in that particular image. This gave the relative expressions of ALDH1L1 (Figure 10(a) ) and NF-L (Figure 10(b) ) for the group of cells that were visualized ( Figure  10(c) ). The results indicate no significant difference in ALDH1L1 expression between substrates. However, NF-L expression was significantly higher on NT-DEG arrays than NT-H 2 O arrays and titanium substrates.
To further investigate the cell morphology and the cell-substrate interaction, SEM imaging was used ( Figure 11 ). The results were comparable to the morphologies observed through immunofluorescence microscopy. The cells on the titanium substrates have flat morphologies, whereas the cells on the NT-H 2 O and NT-DEG arrays have unique morphological features. The cells on the NT-H 2 O arrays have circular morphologies with some cell-surface interaction. However, the cells on the NT-DEG arrays have a significant level of interaction with the nanotube morphology as seen in the high magnification images.
Conclusion
Titania nanotube arrays with controllable and repeatable nanotopographies were fabricated by electrochemical anodization of titanium in water and DEG based fluoride-containing electrolytes. Material characterization revealed that the nanotube arrays with water-based electrolyte were highly oriented, densely packed with adjacent nanotubes; whereas the DEG-based electrolyte nanotube arrays were loosely packed with individual nanotubes forming clusters or anemone-like structures. After annealing, the NT-DEG arrays were seen to have an increased presence of the anatase crystal phase, with conductance measurements confirming that NT-DEG arrays were the most conductive. Contact angle goniometry revealed that the nanotube arrays were more hydrophilic than the titanium substrates. Nanoindentation revealed that the NT-DEG arrays were significantly softer than the titanium substrates. While no significant differences were observed in albumin or fibrinogen adsorption among the substrates, there was significantly higher laminin adsorption on the NT-DEG arrays. Fluorescence microscopy images showed higher initial adhesion and subsequent proliferation of C17.2 cells on nanotube arrays. Immunofluorescence microscopy of marker proteins, ALDH1L1 and NF-L, revealed that C17.2 cells were differentiating towards neuronal lineages under the presence of differentiation cues. NF-L expression was significantly higher on NT-DEG arrays as compared to the other substrates. These results indicate that nanotube arrays with similar properties and morphologies to the NT-DEG arrays produced here may provide a favorable interface for neural prostheses by impeding gliosis while promoting direct neuronal interaction. Further studies will be directed toward understanding how these nanoarchitectures influence the mechanisms of cell differentiation and on the long-term efficacy of these nanotube arrays in maintaining the differentiated phenotypes of the cells.
Highlights
• Titania nanotube arrays can be fabricated with to have a loosely or densely packed morphologies.
• Titania nanotube arrays support higher C17.2 neural stem cell adhesion and proliferation.
• Titania nanotube arrays support higher C17.2 neural stem cell differentiation towards neuronal lineage. Schematic of electrochemical anodization set-up with titanium anode and platinum cathode placed within a fluorinated electrolyte solution. Schematic of 4PP device used to measure the conductance of titania nanotube arrays, comprised of a voltage probe and current probe on the nanotube array surface and the etched titanium surface coated with gold to form ohmic contacts. Current was measured as a potential was applied. Representative high-resolution GAXRD scans of titanium substrates, NT-H 2 O, and NT-DEG arrays with the different peaks for amorphous titanium (■), anatase phase (○), and rutile phase (❖). The NT-DEG arrays have higher amounts of more conductive anatase phase as compared to titanium substrates and NT-H 2 O arrays. Conductance of titanium substrates, NT-H 2 O and NT-DEG arrays measured using a 4PP method. Measurements were taken from at least 3 different substrates at 3 different locations (n min = 9). The conductance of NT-DEG arrays is significantly higher than that of NT-H 2 O arrays (* → p < 0.05). Error bars represent standard deviation. and NT-DEG arrays had a significantly lower elastic modulus than that of titanium substrates (p < 0.05). Error bars represent standard deviation. Figure 7 (b) Hardness of titanium substrates, NT-H 2 O and NT-DEG arrays measured using nanoindentation. Indents were performed on at least 3 different substrates at 3 different locations (n min = 9). Statistical symbols are not used in this figure. Titanium substrates have significantly higher hardness, followed by NT-H 2 O and NT-DEG arrays (p < 0.05). Error bars represent standard deviation. Adsorption of key proteins encountered during neurological prostheses implantation. Proteins adsorption was done on at least 9 different substrates (n min = 9). The NT-DEG arrays had a significantly laminin adsorption as compared to NT-H 2 O arrays and titanium substrates (* → p < 0.05). Error bars represent standard deviation. Representative SEM images of C17.2 cells on titanium substrates, NT-H 2 O and NT-DEG arrays after 7 days of culture in differentiation media. Experiments were replicated on at least 3 different substrates with at least 3 different cell populations (n min = 9). The substrates and cells were coated with a 10nm layer of gold and were imaged a 7keV.
